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Abstract!The!impacts!of!coal!combustion!on!environmental!and!human!health!are!well!known,!but!a!growing!area!of!interest!lies!in!the!study!of!unburned!coal!in!the!environment.!Coal!is!enriched!in!a!number!of!elements,!including!selenium,!which!has!known!deleterious!impacts!on!human!health.!Coal!dust!escaping!from!train!cars!during!rail!transport!may!accumulate!in!the!ecosystems!adjacent!to!railroad!tracks,!leading!to!elevated!levels!of!selenium!in!vegetation,!soil!and!water.!In!this!study,!coal!dust!accumulation!related!to!the!transport!of!coal!from!western!Virginia!to!the!shipping!ports!in!Hampton!Roads!is!investigated!in!the!Williamsburg,!Virginia!area.!The!atmospheric!deposition!of!coal!dust!to!vegetation!was!assessed!by!measuring!levels!of!selenium,!an!element!highly!enriched!in!coal,!in!vegetation!samples!collected!adjacent!to!the!railroad!tracks!and!at!an!undisturbed!control!site.!A!UV!light!digestion!method!was!developed!for!the!analysis!of!selenium!in!pine!needles,!and!was!shown!to!yield!comparable!percent!recoveries!to!microwave!digestion!(83%!vs.!80%!recovery!of!selenium!from!certified!reference!material),!with!100%!recoveries!obtained!under!ideal!analytical!conditions.!Correlations!between!rail!transport,!land!use!and!selenium!levels!were!investigated.!Average!selenium!concentrations!ranged!from!0.069!± 0.010 ppm to 0.15 ± 0.046 ppm, with elevated levels at!control!sites!within!Waller!Mill!Park.!Though!selenium!elevation!was!not!found!to!be!correlated!with!rail!transport!of!coal!or!with!increased!development,!sound!analytical!methods!were!established!for!the!further!study!of!this!element!in!vegetation,!and!questions!were!raised!for!future!analysis!of!selenium!in!forested!ecosystems.!!
!! !
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Introduction:!
!! From!mining!to!combustion,!coal!is!a!significant!source!of!environmental!pollution!in!the!U.S.!and!worldwide.!Coal!combustion!products!are!known!sources!of!both!heavy!metals!and!harmful!organic!compounds!to!the!environment,!and!present!risks!to!organisms!and!ecological!communities!through!exposure!and!bioaccumulation!(Mayfield!et!al.,!2013).!A!study!of!the!2008!Kingston,!TN!coalPash!disaster,!one!of!the!largest!coal!ash!spills!in!history,!pinpointed!ecological!and!community!health!threats!stemming!from!water!pollution!and!atmospheric!exposure!to!particulates!(Ruhl!et!al.,!2009).!Though!the!impacts!of!coal!ash!have!been!extensively!studied,!unburned!coal!in!the!environment!is!an!area!of!more!scientific!uncertainty.!The!health!impacts!of!dust!exposure!during!mining!are!well!known,!but!the!environmental!and!human!health!impacts!of!unburned!coal!dust!at!other!points!in!the!coal!cycle!is!still!a!matter!of!concern!(Finkelman!et!al.,!2002).!This!study!investigates!the!loss!of!coal!dust!during!rail!transport!of!coal!by!examining!selenium!levels!in!vegetation!sampled!from!near!railroad!lines!used!to!transport!coal.!!Coal!dust!loss!during!rail!transport!has!been!identified!as!a!problem!by!railroad!companies,!as!coal!dust!can!function!as!a!fouling!agent!for!railroad!ballast!(Tutumluer!et!al.,!2008,!Huang!et!al.,!2009).!A!number!of!estimates!exist!for!the!extent!of!this!dust!loss.!The!Burlington!Northern!Santa!Fe!Corporation!Railroad!Company!has!reported!that!their!own!studies!indicate!a!potential!loss!of!between!500!pounds!to!a!ton!of!coal!from!a!single!loaded!car!throughout!transit!(BNSF,!2012).!The Oregon Physicians for Social Responsibility have 
cited that the amount of coal lost in transit can be three percent of the load, and that coal trains 
can lose as much as 500 pounds of coal per 500 miles traveled (Profita, 2012). Recent research 
has investigated air quality implications of rail traffic by measuring particulate matter emissions 
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associated with passing coal cars, and concluded that residents living near rail lines may be at 
risk of particulate matter levels above the National Ambient Air Quality Standards (Jaffe et al., 
2014). Jaffe et al. reported that the passing of coal cars results in a statistically significant 
increase in particulate matter at 6.8 microgram/m cubed higher near the rail lines than elsewhere. 
They estimated that a 50% increase in rail traffic would raise levels above the NAAQS.  
Virginia rail routes extend from the western part of the state and West Virginia to the 
coastal ports in Hampton Roads (Wilson, 2000). The!Williamsburg,!Virginia!area!is!subject!to!significant!coal!transport!by!rail,!with!a!set!of!railroad!tracks!operated!by!CSX!Transportation!running!through!the!city.!A!study!of!the!economic!impacts!of!coal!on!Virginia!and!Hampton!Roads!lists!Hampton!Roads!as!the!largest!coal!port!in!the!United!States,!with!coal!exports!at!just!under!43!million!metric!tons!of!coal!in!2011!(Old!Dominion!University,!2013).!Given!the!significance!of!Hampton!Roads!as!a!coal!shipping!port,!and!thus!the!CSX!railroad!line!as!a!major!transporter!of!coal!from!the!Appalachian!regions!of!West!Virginia!and!western!Virginia,!the!ecosystems!surrounding!these!tracks!are!an!ideal!location!to!study!the!potential!accumulation!of!coal!dust.!!
Coal is enriched in a number of potentially toxic chemicals, including organic 
compounds and heavy metals. Coals from the Appalachian Basin are pyrite-rich, and contain 
elements like arsenic, selenium, mercury, lead, and nickel that are potentially toxic (Diehl et al., 
2012). Selenium is particularly enriched in coal, and has been identified by Yudovich and Ketris 
as a “coalphile” element, with a strong affinity for coal matter (2005). Enrichment factors of 
selenium in coal to surrounding soils and mineral layers can reportedly exceed 65:1 (Ensminger, 
1981, cited in Lemly, 2004).  
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Selenium, though an essential trace element for human and animal health, is also toxic in 
large doses. With dietary deficiency occurring at less than 40 µg per day and toxic levels 
occurring at greater than 400 µg (Fordyce, 2005). Selenium has the narrowest range between 
beneficial levels and detrimental levels of any priority or non-priority pollutant (Environmental 
Protection Agency, 2004). Selenium toxicity occurs through the substitution of selenium for 
sulfur in proteins, which disrupts their structure and function (Mézes and Balogh, 2009). Se was 
not recognized as a toxic agent until 1856, when it was recognized as the cause of ‘alkali disease’ 
or selenosis caused through chronic selenium intoxication (Fordyce, 2005).  Selenium toxicity 
can occur through a number of exposure pathways. Though evidence has been found that 
inhalation of coal smoke can lead to selenium exposures, ingestion is generally a more important 
route of exposure (Fordyce). The effects of selenium toxicity occur throughout the food chain 
from plants to humans. Selenium toxicity has been implicated in waterfowl death, nervous 
system disorders, and nail and hair loss in humans, livestock, and sea animals (Qui et al, 2011).  
In addition to toxicity to animal organisms, some plant species experience toxic effects 
from selenium accumulation, while others are highly tolerant of selenium (Mézes and Balogh, 
2009). According to Fordyce, inorganic and organic selenium enter the food chain almost 
entirely via plants and algae, and are then further concentrated as they pass through the food 
chain (2005). In the 1960s, an outbreak of human selenosis occurred in the Shanxi and Hubei 
Provinces of China, and was traced to the consumption of crops grown in soils that included 
weathering products of high-selenium coal containing more than 300 mg/kg of selenium 
(Fordyce, 2005). In this outbreak, the main symptoms were loss of hair and nails, as well as 
nervous system problems and paralysis (Fordyce, 2005).  According to the U.S. Environmental 
Protection Agency, selenium primarily moves through aquatic ecosystems by means of 
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biotransformation and bioaccumulation in food webs (EPA, 2004). The EPA has established 
water quality criteria for selenium in the environment, with the total recoverable selenium from 
water not to exceed 258 µg/L for water as an average concentration over a 24-hour period (EPA, 
2004). 
Coal mining and combustion represent a primary input of selenium into the environment 
(Lemly, 2004). According to Lemly, selenium is found in a number of materials or wastes 
associated with coal production, including coal storage pile leachate, coal cleaning process 
water, and coal ash slurry (2004). In addition to the introduction of selenium to the environment 
through mining and combustion, coal transport may represent further inputs of this element to 
ecosystems. Other anthropogenic sources of selenium to the environment include municipal 
landfills, oil refinery wastes, irrigation drainage, phosphate mining, gold, silver and nickel 
mining, and metal smelting, all of which have been associated with instances of selenium 
toxicity in aquatic birds or fish around the world (Lemly, 2004). Selenium also enters the 
environment naturally through volcanic activity and through the weathering of selenium-rich 
bedrock material (Dhillon and Dhillon, 2003). However, to date, global selenium fluxes are 
“poorly understood and inadequately quantified” (Vriens et al., 2014).  
In this study, selenium was used as an indicator of coal dust deposition in vegetation 
directly adjacent to the CSX railroad line that runs through Williamsburg, Virginia. Plants are 
frequently used as biomonitors of atmospheric pollution, and are attractive alternatives to the 
high cost of monitoring atmospheric pollution with more technical methods (Pakeman et al., 
1998). In addition to its low cost and simplicity, biomonitoring provides a measure of pollutant 
deposition over time, avoiding instantaneous or “snapshot” measures of atmospheric pollution 
that may provide an inaccurate picture (Pakeman et al., 1998). Biomonitoring of trace metals has 
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been conducted with deciduous tree species, as in studies using leaves and fruits of olive and 
holm oak trees (Madejon et al., 2004), and the leaves of horse chestnut and Turkish hazel in 
urban areas (Tomasevic et al., 2008). Mosses and lichens are often employed in biomonitoring 
studies, because they lack a developed root system and thus are likely to accumulate trace 
elements from exclusively atmospheric sources, rather than soils (Wolterbeek, 2002).  
Many studies have utilized pine needles as biomonitors of organic compounds, 
particularly PAHs. Pine needles lend themselves to biomonitoring, particularly of organic 
contaminants, as the waxy cuticles of needles accumulate organic compounds (Piccardo, 2005). 
Fewer studies have explored the use of pine needles in biomonitoring of trace metal 
contaminants. In 2008, Lehndorff and Schwark published results indicating that Pinus nigra 
needles were suitable as passive samplers of atmospheric deposition of Ba, Ca, Cd, Fe, Mo, Na, 
Pb, Sb, Ti, V, and Zr (2008).  Al-Alawi et al showed that Aleppo pine needles were useful 
biomonitors of Pb, Cd, Cu and Zn in Jordan (2007). No studies were found to date using pine 
needles to monitor selenium deposition, thus, this study provides insight into the utility of this 
technique for selenium analysis.   ! This!study!aimed!to!investigate!correlations!between!land!use,!particularly!the!transport!of!coal!via!the!railroads!that!run!through!Williamsburg,!Virginia.!Pine!needles!were!employed!as!biomonitors!of!atmospheric!pollution!from!coal!dust,!with!selenium!levels!used!as!an!indicators!of!coal!dust!deposition.!In!addition,!a!UVPlight!digestion!technique!was!developed!to!decompose!plant!matter!for!analysis.!This!study!has!implications!for!the!development!of!analytical!techniques!for!selenium!analysis!in!vegetation,!which!is!discussed!in!Chapter!1.!This!study!also!provides!insight!into!the!broader!questions!of!whether!coal!dust!lost!during!transport!is!a!significant!source!of!
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pollution!in!the!environment!adjacent!to!railroad!tracks.!In Williamsburg, these rail routes 
run alongside land with various uses, including areas used for residential and agricultural 
purposes. Given the range of land uses that occur adjacent to railroad tracks in Williamsburg and 
other areas, this study has implications for both environmental and human health. Land use 
correlations are discussed in Chapter 2.  
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Chapter 1: Validation of Analytical Methods for the Analysis of Selenium in Vegetation 
 
 This chapter describes the development and validation of methods for the analysis of 
selenium in vegetation samples. A UV light digestion method was developed and validated for 
its efficiency in decomposing organic matter and in extracting elements of interest from the 
samples. Graphite furnace atomic absorption spectrometry was used for element analysis, and 
limits of detection were established for analyzing selenium on this instrument.  
 
Background: 
 
 One goal of this study was to develop a simple and low-cost method for digesting plant  
 
matter. While microwave digestion has become commonplace for digesting biological tissues 
due to its high efficiency and high recoveries, classical wet digestion methods are still popular, 
particularly in laboratories which are limited in size or budget (Voegborlo and Adimado, 2010). 
Most digestion methods for organic matter make use of highly corrosive acids and oxidizing 
agents, typically a combination of nitric, hydrochloric, hydrofluoric and perchloric acid, and 
hydrogen peroxide (Wilson et al., 2005). Perchloric acid, a strong oxidizing agent, is effective 
for breaking down organic matter. The use of perchloric acid requires great care, however, 
because it forms perchlorates, highly explosive compounds that can build up in fume hoods 
(Dash et al., 2008). Fume hoods with automatic wash-down systems are required for the use of 
perchloric acid, with which the William & Mary campus is not equipped.    
This study aimed to develop an open wet digestion method with an alternative to 
perchloric acid that could be used without the specially-equipped fume hood. A Metrohm 705 
UV Digester was used as an alternative method, using ultraviolet light in combination with nitric 
acid and hydrogen peroxide to decompose plant matter. Two methods were explored for the 
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analysis of sample solutions of selenium: flame atomic absorption spectrometry coupled with 
hydride generation, and graphite furnace atomic absorption spectrometry. Graphite furnace 
atomic absorption spectrometry was selected as the analytical method of choice for its better 
limits of detection, and the ability to eliminate several preparation steps for the reduction of 
selenium to the oxidation state most suitable for hydride analysis.  
 
 
Methods: 
 
Selection of elements: 
 Prior to sample collection and analysis, tests were conducted to select elements for 
further study. To narrow the suite of elements assessed in vegetation samples, a representative 
sample of coal from Western Virginia was obtained from the Virginia Department of Mines, 
Minerals and Engineering. This sample was assumed to be representative of coal carried along 
CSX railway from Western Virginia to the ports at Newport News. The sample was ground using 
a ball mill and shipped to Activation Laboratories in Ontario, Canada, where it was analyzed 
using both inductively coupled plasma mass spectrometry and neutron activation analysis. The 
analysis results were compared to typical concentrations of heavy metals in the Earth’s upper 
continental crust as reported in Wedepohl, 1995. Wedepohl obtained concentration values from a 
survey of minor and trace elements in the Canadian Shield, and calculated concentrations based 
on an upper crust to felsic lower crust to mafic lower crust ratio of 1:0.6:0.4, determined from a 
seismic profile taken in Western Europe (Wedepohl, 1995). Coal-to-crust ratios for each element 
were computed, and four elements were found to be elevated in the coal sample: arsenic, 
cadmium, copper and selenium. 
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Table 1: Coal-to-Crust ratios of elements  
 
Element  Concentration in 
Coal (ppm)2 
Concentration in 
Upper Crust (ppm)2 
Coal:Crust 
Concentration Ratio 
As 14.6 2.0 7.5:1 
Cd 0.11 0.102 1.1:1 
Cu 35.8 14.3 2.5:1 
Se 0.9 0.083 10.8:1 
 
Table 1 shows concentrations in coal as calculated by Activation Laboratories through the use of 
ICP-MS and Neutron Activation Analysis. Levels in coal are compared to crustal values reported 
in Wedepohl (1995) and displayed as ratios. 
 
Though mercury is often reported as a pollutant from coal, it was below the limits of detection of 
this analysis, which were 1 ppm for neutron activation analysis, and 10 ppb for ICP-MS. 
As a result of this test, selenium was chosen as the first element for analysis, given its high coal-
to-crust ratio.  Mercury was used as a reference contaminant, to analyze the distribution of 
selenium versus the distribution of a contaminant that could not be attributed to the 
transportation of coal. On a worldwide basis, selenium values in hard coals average 1.6 ± 0.7 
ppm, with brown coals averaging 1.0 ± 0.6 ppm (Yudovich and Ketris, 2005). A 1993 study on 
the distribution of selenium in US coals found the highest mean selenium values (4.7 ppm) in 
Texas, with the lowest values found in Virginia and North Carolina (0.2 ppm) and Alaska (0.42 
ppm) (Coleman et al., 1993). The mean concentration of mercury in coal is about 0.2 ppm 
(Toole-O’Neil et al., 1999).  
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Sample Digestion  
  
   
 A digestion method was devised to decompose plant matter into a solution suitable for 
element analysis. Plant matter was weighed out in approximately 0.75 g portions into 50 mL 
Teflon beakers, and was then subjected to a pre-digest of twelve hours in 12 mL of concentrated 
(70%) trace metal-grade nitric acid. The beakers were covered with Pyrex watch glasses to 
minimize the loss of volatiles during the digestion process. The entire process was performed at 
125oC on a hot plate. After an overnight digestion of twelve hours, the samples were cooled and 
transferred into 12 mL test tubes for UV oxidation. The digestions were transferred 
quantitatively, rinsing each beaker with nitric acid and transferring the rinse solution to the test 
tubes. Each 12 mL test tube was filled to reach a volume of approximately 11 mL. Due to 
unequal evaporation during digestion, differing amounts were required to reach equal volume 
and thus equal acid concentration for the next step in the digestion process.  Each set of reactions 
also included a procedural blank of pure 70% nitric acid.  
Following transfer, the sample-containing test tubes were placed in the Metrohm 705 UV 
digester. Samples were subjected to UV oxidation for an initial 6-hour period, later adjusted to a 
12-hour digestion period, with 600 microliters of hydrogen peroxide added in 100 microliter 
aliquots to catalyze the oxidation reactions. The temperature of the digestion was maintained at 
approximately 72o C. All tubes were capped with Teflon caps to prevent loss of volatiles. Tubes 
were removed from the digester unit for the addition of H2O2 to prevent excess bubbling. 
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               Figure 1: Demonstration of UV Digestion Method 
  
Figure 1:Demonstration of H2O2 addition to UV digestion tubes, to catalyze 
decomposition of organic matter.  
 
 
Following the digestion period, samples were transferred to 50 mL volumetric flasks and diluted 
to volume with deionized water. Samples were allowed to cool prior to the dilution step to 
achieve accurate volumes.  
 Digestion efficiency for the decomposition of organic material was tested following a 6-
hour UV digestion. 0.75 g samples of ground pine needles were subjected to the 12-hour pre-
digestion followed by a six-hour digestion. The digested samples were filtered through 0.7 µm 
filter papers using a pump filtration, with the paper being weighed prior to filtration after 45 
minutes of furnace drying to remove excess moisture. The post-filtration papers were oven-dried 
for 3.5 hours, then weighed to determine the mass percent remaining.  
Experiments were performed to determine the optimal digestion time for the UV portion 
of digestion. The pre-digestion in nitric acid was set at twelve hours, to allow reactions to run 
overnight. Samples of pine needle Certified Reference Material weighing approximately 0.75 g 
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each were digested for periods of time ranging from four hours to twelve hours. Following the 
twelve-hour pre-digestion, samples were subjected to UV digestion with the addition of 600µL 
of hydrogen peroxide. After the assigned time period, samples were transferred to 
50mLvolumetric flasks and diluted to volume with 1M nitric acid.  
Samples were analyzed for calcium and zinc, both minerals present in high levels in 
vegetation, using a Perkins Elmer AANalyst 700 instrument with an air/acetylene flame. The 
instrument was calibrated using pre-made standards in 0.5 M nitric acid. Both standards and 
samples were manually introduced into the instrument, and absorbance values were averaged 
over two integrations to determine analyte concentration. Concentration results were used to 
calculate the concentration of elements in the original vegetation sample, taking into 
consideration correction factors for sample density and percent moisture (8%) in pine needles. 
Following these experiments, the standard UV digestion time was increased to 12 hours for all 
subsequent sample digestions.  
Digestion efficiencies for extraction of trace metals lead, mercury and selenium were 
assessed for the two-part digestion process through the use of two certified reference materials, 
the previously-used pine needle certified reference material (CRM-PN-B) and lake sediment 
certified reference material from Ontario, Canada (WQB3). Lead values were obtained through 
flame atomic absorption spectrometry using an AA6300 Shimadzu Atomic Absorption 
Spectrophotometer. Samples were run at a wavelength of 283.3 nm, with a slit width of .7 nm, 
and an integration time of 20 seconds. 
Mercury values were obtained using a DMA-80 Direct Mercury Analyzer calibrated over 
a range from 0 to 31.5 ng of mercury. A standard organic analysis method was used to analyze 
the samples, which included a 60-second drying step at 250 degrees Celsius and a 720-second 
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decomposition step at 650 degrees Celsius. WQB3 samples of approximately 0.00500g were 
transferred to weigh boats, and samples were subjected to the above procedure. Values displayed 
in the results section are computed as an average of obtained values. Mercury values were only 
obtained for WQB3, as a standard reference value was not available for the CRM.  
 Selenium analysis was performed using a Varian Spectrophotometer. Selenium analysis 
methods were refined throughout the course of the investigation, and reported recovery values 
are listed for the final procedure. Values were obtained from samples processed through the 12-
hour predigestion and 12-hour digestion steps, with samples diluted to 25mL with deionized 
water. The instrument was calibrated with standards in 3.5 M nitric acid. Absorbance values 
were obtained at a wavelength of 196.0 nm, with a slit width of 1.0 nm, and a lamp current of 
13.0 mA. The measurement mode was set to Peak Height. The program for the analysis process 
was as follows: 
 
 Table 2: Program for Graphite Furnace Atomic Absorption Spectrometry 
Step Number Temp (Deg C) Time (sec) Gas Flow  L/min 
1 85 5.0 0.3 
2 95 50.0 0.3 
3 120 30.0 0.3 
4 1300 30.0 0.3 
5 1300 3.0 0.3 
6 2650 2.0 0.3 
7 2650 2.0 0.3 
8 2700 2.0 0.3 
 
Each sample was run in duplicate, and procedural blanks were carried through the entire 
procedure. A 15-µL co-injection of a palladium chloride matrix modifier was included in this 
protocol. Concentrations of selenium in original samples were calculated based on recorded 
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absorbance values, taking into consideration correction factors for solution density, percent 
moisture in vegetation samples, and correcting for blank values.  
 To further validate the UV light digestion method, percent recoveries of selenium in 
samples digested via this method were compared to those obtained through a microwave 
digestion procedure. WQB3 and CRM samples were subjected to the pre-digestion and UV 
digestion procedures, and were diluted to 50mL with deionized water. Samples were run in 
duplicate, with procedural blanks carried through the procedure. A separate set of WQB3 and 
CRM samples were subjected to microwave digestion using a CEM Mars Xpress microwave 
system. Portions of each reference material weighing approximately 0.75g were added to 40mL 
Teflon tubes, and 15 mL aliquots of trace metal-grade nitric acid were added to each tube. For 
the microwave WQB3 samples, 15mL of aqua regia was added instead of pure nitric acid, as is 
protocol for the decomposition of soil samples with the CEM instrument. Each sample was run 
in duplicate, and procedural blanks for both nitric acid and aqua regia were carried throughout 
the experiment. Samples were diluted to 50mL with deionzed water before testing. Samples were 
tested with a Varian graphite furnace atomic absorption spectrometer, using the protocol listed 
above with the exception of the integration method, which was peak area rather than height for 
these analyses. Samples were calibrated separately with nitric acid and aqua regia standards. 
Reported concentrations were calculated, taking into consideration correction factors for solution 
density and percent moisture of CRM samples.  
 After comparing peak height concentrations to those obtained using the peak area 
integration method, peak height was selected as the integration method of choice for the 
remainder of the sample analysis.  
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 Limits of detection were established for the graphite furnace atomic absorption analytical 
method through the repeated analysis of blanks. Ten aliquots of 3.5 M nitric acid were analyzed 
using the above furnace protocol and peak height integration method. To determine whether the 
data fit a normal distribution, the points were plotted using a Normal Test Plot. The mean and 
two standard deviations were established for the series of blanks, and the limits of detection for 
the method were established as two standard deviations from the mean.  
   
Results:   
Overall, these experiments established that UV digestion combined with a pre-digestion 
in nitric acid is effective for the detection of selenium in plant matter, specifically pine needles. 
The tests established that UV digestion can both decompose organic matter in plant samples, and 
recover common nutrient metals like zinc and calcium from plant matter. The method was 
effective for extracting the trace metals lead and selenium from plant samples, and yielded 
selenium levels comparable to those obtained through microwave digestion. Experiments also 
established ideal digestion times (12 hour pre-digest, 12 hour UV digest), established peak height 
as a superior integration method to peak area for analysis of selenium in plant matter, and 
established limits of detection for the analytical method.  
 
Digestion Efficiency 
 Tests of digestion efficiency for the decomposition of organic matter in samples showed 
the UV digestion method was highly effective in decomposing most of the matter present.  
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Table 3: Digestion Efficiency 
 
Table 3, showing percent sample masses remaining of repeated CRM digests.  
 
Digestion Times:    
Digestions showed a slight increase in percent recoveries between 6 and 12 hours. All 
calculations were made correcting for both the dilution of the samples and the density of the 
samples, which was found to be approximately 1.08g/mL pre-dilution. Values obtained for 
procedural blanks were subtracted from all samples. Calcium and zinc showed an increase in 
percent recoveries between 6 and 12 hours. A 12-hour digest was used for remaining samples 
following the results of this experiment.  
Table 4: Optimal Digestion Time 
 Measured 
Value (µg/g) 
Procedural 
Blank (µg/g) 
Recovery 
(µg/g) 
CRM value 
(µg/g) 
% 
Recovery 
Zinc – 6 hrs 26.6 0.79 26.56 27.2 ± 1.4 µg/g 99.93% 
Zinc – 12 hrs 33.9 5.45 28.45 27.2 ± 1.4 µg/g 100% 
Calcium – 6 
hrs 
4104 91.57 4012 
 
4800 ± 108 µg/g  99.85% 
Calcium – 12 
hrs 
4585 75.78 4509 4800 ± 108 µg/g  99.96% 
Table 4, showing 6-hour and 12-hour digestion times compared for the recovery of zinc and 
calcium, and compared to values in certified reference materials.  
 
 
Mass of Residue (g) Initial sample mass (g) Mass % remaining 
0.0041 0.25 1.6 
0.0025 0.25 1.0 
0.0089 0.35 2.5 
0.0126 0.35 3.6 
0.0130 0.50 2.6 
0.0118 0.50 2.4 
0.0072 0.42 1.7 
   
Average: 2.2% Mass Remaining 
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Trace Metal Recoveries: 
 Trace metal recoveries were obtained for Se in both pine needle CRM and WQB3 lake 
sediment, and lead recoveries were obtained for the pine needle CRM. Se values are reported as 
averages of values obtained using the Varian graphite furnace atomic absorption 
spectrophotometer in peak height integration mode, which yielded the best recoveries  
 
Table 5: Digestion Efficiencies – Trace Metal Recoveries  
Element 
CRM-PN-B  
(pine needles) Concentration (µg/g) % Recovery 
Se 1.1 ± 0.1 µg/g  1.15* 100% 
Pb 14.9 ± 0.6 µg/g 15.8 100% 
Element 
WQB3  
(lake sediment) Concentration (µg/g) % Recovery 
Se 1.15 µg/g  1.14* 99.1% 
 
Table 5, showing percent recoveries for selenium and lead from both CRM and WQB3 reference 
materials. % Recoveries for selenium were obtained in peak height mode using GFAAS.  
 
 
UV Digestion vs. Microwave for Selenium Recovery 
 Recoveries were compared between UV and microwave digestion for selenium, and the 
two methods were found to be comparable when selenium was measured using peak area. Both 
CRM and WQB3were tested.  
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Table 6: Selenium Recoveries, UV Digestion vs. Microwave Digestion 
Sample Average 
Concentration (µg/g) 
Standard Error Percent Recovery 
WQB3 Microwave 0.91 0.021 91% 
WQB3 UV 1.01 0.062 100% 
CRM Microwave 0.80 0.014 80% 
CRM UV 0.83 0.030 83% 
 
Table 6: Percent recoveries are displayed to compare microwave to UV digestion. CRM values 
are lower than those reported in the previous table, as this experiment was performed prior to 
optimization of analytical methods.  
 
Peak Height vs. Peak Area 
Throughout the tests performed, considerable variability was found in selenium values in 
CRM and WQB3 certified reference materials. Repeated tests of CRM and WQB3 samples are 
reported in the chart below. All values are obtained are for samples that underwent a twelve-hour 
pre-digest and 12-hour UV digest, and were calculated using peak area integration.  
 
Tables 7 and 8: Repeated Analysis of Se Concentration in CRM and WQB3, Peak Area 
CRM Test # Se Concentration (µg/g) 
1 0.93 
2 0.86 
3 0.67 
4 0.67 
5 0.80 
6 0.69 
7 0.70 
8 0.69 
9 0.69 
10 0.81 
11 0.85 
12 0.81 
13 0.79 
Average 0.77 
Standard Error 0.02 
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WQB3 Test # Se Concentration (µg/g) 
1 1.19 
2 1.17 
3 1.13 
4 1.00 
5 1.33 
6 1.17 
7 1.14 
Average 1.16 
Standard Error 0.04 
 
Tables 7 and 8 show percent recoveries for a number of digestions, calculated using the peak 
area mode.  
 
 
By changing the integration method from peak area to peak height, better levels of selenium 
were recorded in both WQB3 and CRM, with results close to the standard reference values 
reported for each sample.  
 
Table 9: Percent Recoveries, Peak Height 
Sample Concentration (µg/g) % Recovery 
WQB3 – 11/13 1.22 100% 
CRM – 11/13 1.20 100% 
CRM – 11/13 1.13 100% 
WQB3 – 1/31 1.12 97.4% 
WQB3 – 1/31 1.07 93.0% 
CRM – 1/31 1.04 100% 
CRM – 1/31 1.21 100% 
Average conc, WQB3:  1.14  99.1% 
Average conc, CRM: 1.15 100% 
 
Table 9 displays the average concentrations and percent recoveries obtained for selenium from 
CRM and WQB3 material over a series of digestions, calculated using peak height. 
 
Over a series of experiments performed to refine analytical methods, peak height was 
identified as a more suitable integration method than peak area for volatile elements such as 
selenium. While some sample sets from this section were reported following analysis using a 
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peak height integration method, field samples in the next chapter were analyzed using the peak 
height integration method. 
 
Limit of Detection for Peak Height  
 Through the repeated analysis of 3.5M nitric acid blanks, the limit of detection for 
selenium analysis through graphite furnace atomic absorption spectrometry was established.  
 
Table 10: Repeated Analysis of Blank to Establish Limit of Detection 
 
Table 10 displays the concentrations of a series of blanks (3.5 M nitric acid) to determine the 
limits of detection.  
 
Repeated analysis of blanks yielded an average of 0.064 µg/g in pure nitric acid, with first and 
second standard deviations of 0.260 and 0.456 ppb, respectively. To investigate whether the data 
fit the normal standard curve, a Normal Test Plot was used.  
 
 
Blank # Concentration (µg/g) 
1 -0.18 
2 0.00 
3 0.02 
4 0.02 
5 -0.20 
6 -0.06 
7 0.10 
8 0.28 
9 0.37 
10 0.29 
Average: 0.064 
Standard Deviation 1: 0.196 
Standard Deviation 2: 0.392 
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Figure 2: Normal Test Plot for Limit of Detection Data 
 
Figure 2 displays a Normal Test Plot of the repeated blank data, to determine whether or not the 
data follow the standard distribution of a normal curve.  
 
Z values were computed using the NORMSINV function in Microsoft Excel. The data plotted 
roughly in a straight line, and thus could be plotted using a normal standard curve.  
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Figure 3: Standard Curve Plot showing standard deviations 
 
 
Figure 3 shows a standard curve plot, with standard deviations from the mean shown in ppb of 
selenium.  
 
The limit of detection was established as the second positive standard deviation from the mean, 
0.456 ppb. A 2007 study used GFAAS to determine the concentration of selenium in animal feed 
and feces slurries, and found limits of detection to be 0.31 ppb and 0.35 ppb, respectively (Silva 
et al., 2007). A 2006 study analyzed selenium in chicken meat, comparing hydride generation to 
graphite furnace atomic absorption spectrometry, and found limits of detection to be 1 ppm and 
0.6 ppm, respectively, for these methods (Bohrer et al., 2007). The limits of detection established 
in this study are in the range of literature values reported for GFAAS studies of selenium. 
Calculations were performed to determine that the amount of selenium required in field samples 
2.5!
 2!
 1.5!
 1!
 0.5!
 0 
 -0.524               -0.328                -0.132                 0.064               0.260                0.456              0.652        
Standard!Deviations!from!the!Mean!(ppb)!
Probab
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for processed solutions to fall above the limit of detection was 0.033 ppm. This calculation took 
into consideration the correction for moisture in the pine needles. For a sample at the limit of 
detection, (0.456 µg/g)(50 g solution/0.75 g sample)(1 g sample/0.92 g needles) =33.04 ppb, or 
0.033 ppm. This value was calculated without taking into consideration fluctuations in density 
between the samples; a more accurate value would also incorporate that correction factor, but 
due to time constraints, the value calculated above was reported in this study.  
 
 
Discussion 
 
In this chapter, analytical methods were developed and validated for the study of 
selenium in vegetation. Despite the common use of microwave digestion methods, traditional 
wet digestion methods are common and necessary in laboratories with less access to advanced 
equipment. This study developed a new digestion method for plant matter using a UV digester, 
which eliminates both the need for microwave digestion and strong, corrosive acids typically 
used in wet digestion methods. In this study, it has been shown that UV digestion is a 
comparable method to microwave digestion for the decomposition of plant matter and the 
extraction of trace metals from vegetation samples for analysis. Percent recoveries for trace 
metals and plant nutrient metals ranged from 80% to 100% for the UV digestion method, 
indicating that the loss of volatile elements, a major concern with open digestion methods, is 
averted with this technique.  
This chapter established the need for longer digestion times to improve the extraction of 
metals from vegetation samples. Increasing digestion time from six hours to eight hours for the 
UV step yielded higher recoveries. However, there is room for more experimentation with 
different time periods for each digestion, as well as different temperatures and different volumes 
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of hydrogen peroxide added. With further experimentation, this method may be able to be 
shortened and simplified. A recent study utilized UV-photolysis to digest food samples for the 
analysis of selenium, and achieved high percent recoveries for oyster, whole egg powder, and 
tuna fish reference samples after only an hour of UV digestion (Manjusha, 2006). However, 
lower percent recoveries were obtained in this study prior to the optimization of hydrogen 
peroxide and nitric acid ratios and sample weights. Given the low levels of selenium expected in 
vegetation, larger sample masses were required for each digestion, and thus longer digestion 
times were needed.  
In graphite furnace atomic absorption spectrometry, two methods of peak integration are 
available. This chapter compared the methods of integration by peak height and by peak area, 
and found that superior percent recoveries were obtained when peaks were integrated by height. 
According to Agilent’s Analytical Methods for Graphite Tube Atmoizers User’s Guide, peak 
height can be a superior method, yielding greater sensitivity particularly for more volatile 
elements with narrow absorbance peaks (Agilent, 2012). The results of this study indicate that 
for selenium, a very volatile element, peak height is indeed a more sensitive measurement than 
peak area. However, the number of samples analyzed via peak height is considerably fewer than 
those analyzed by peak area. Thus, to fully establish the suitability of this integration method and 
the range of variability it presents, further analysis of standard reference materials would be 
worthwhile. 
In this chapter, limits of detection were established for the analysis of selenium using 
graphite furnace atomic absorption spectrometry. By establishing the limit of detection as two 
standard deviations from the mean of repeated analyzed blanks, it was established that field 
samples containing above 0.033 ppm selenium are eligible to be detected through this method.  
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Other studies have assessed the presence of selenium in vegetation, and have found that the limit 
of detection established in this method should be suitable for the analysis of selenium in both 
contaminated and uncontaminated areas. Haygarth, Harrison and Jones (1993) analyzed 
vegetation samples from both control and areas near an industrial source engaged in 
manufacturing using metals and in the combustion of coal, and found Se values ranging from 
0.028 to 0.609 ppm in vegetation (1993).  The method established here for selenium detection 
should be viable for testing for selenium in a range of environments.  
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Chapter 2: Land Use Impacts on Selenium and Mercury Accumulation in Vegetation 
 In this chapter, methods of sample collection and processing are described, and results 
are presented for the measurement of selenium and mercury in vegetation samples. Selenium and 
mercury levels in samples are analyzed in light of land use differences between the sites tested.  
 
Background: 
 The methods of selenium analysis in vegetation developed in the previous chapter were 
applied to field samples collected from the Williamsburg area. Samples were collected from 
nearby the railroad tracks that run through Williamsburg, which were hypothesized to be a 
significant input of coal dust to the environment. Selenium is not analyzed in this section 
exclusively with respect to coal transport, but with consideration given to the level of 
development of the land nearby the railroad tracks, and the proximity of sample sites to primary 
roadways, which may also be an input of trace metals to the environment. In this section, 
mercury is also used as a reference contaminant. Since mercury was not detected in the original 
coal sample tested in the previous chapter, it is assumed to have a distribution not related to the 
transport of coal through the area.  
 
Methods: 
Selection of Sample Vegetation and Sample Sites 
 As metal accumulation varies between plant species, loblolly pine was selected as the 
study species for each site, given its ubiquity and frequent proximity to the railroad tracks. 
Sample collection began in June, and so pine needles, which have longer lifetimes than 
deciduous leaves, were selected as a better indicator of pollution over time. Trees were selected 
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from within ten meters of the railroad tracks, calculated by pacing. GPS coordinates were 
recorded for each sample tree, and the height of the sample above the ground was recorded in 
cm. Samples were clipped using shears from each tree, severing at the twig to include both 
needles and part of the twig.  Samples were stored in Ziploc bags. Six different sites were 
selected for sampling, with samples collected at six trees per site. 
 
Figure 4: Map of Sample Sites in the Williamsburg Area 
 
Sites were selected based on a number of criteria, prioritizing proximity to the railroad tracks, 
and the availability of low-hanging loblolly pine trees. Sites fell into roughly three categories 
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based on adjacent land use and proximity to the nearby roadway. The James City County Library 
samples were collected from trees along the tracks on either side of the Croaker Road Overpass. 
The wooded region behind the library is marked with trails but is otherwise undisturbed. This 
site was located farther from Richmond Road. The Peach Street site was located in a similarly 
undeveloped area, and was also farther from Richmond Road than many other sites. Both these 
areas are primarily characterized by agricultural and residential land uses.  
The Williamsburg Pottery samples were collected at a considerably more developed site, 
with significant business activity. The sites were also much closer to Richmond Road. Samples 
collected at the Williamsburg Place site were in a similarly developed area, with close proximity 
to the road. Though the Matthew Whaley samples were collected in proximity to a schoolyard 
and a wooded area, this site was also considerably closer to a major roadway, Lafayette Street, 
than the samples collected at Peach Street/Library sites 
Waller Mill Park served as a control site, with samples taken from undisturbed parkland 
at a distance from railroad tracks or roadways. The bike path in Waller Mill Park lies in an 
abandoned railroad bed, which may have contributed to past inputs of trace metals to the 
environment.  
 
Sample Processing  
Samples were stored in paper bags partially closed to prevent outside material from 
contaminating the samples, and then were dried for a minimum of two weeks to ensure complete 
desiccation. The samples were weighed every three days over a period of two weeks until 
recorded masses stopped decreasing.  
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 Samples were ground using a Model 4 Wiley Scientific Mill with a 0.5 mm screen. 
Before they were introduced to the mill, all pine needles were removed from the twigs to which 
they were attached, leaving the needle shafts attached but removing all epiphytic material. 
Samples were ground directly into plastic Ziploc bags, in which they were stored in a dry 
environment.  
 
Figure 5: Wiley Mill used to Grind 
Pine Needle Samples 
 Figure 6: Scale of Ground Pine Needles         
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample Digestion 
 
Plant matter was weighed out in approximately 0.75 g portions into 50 mL Teflon 
beakers, and were then subjected to a pre-digest of twelve hours in 12 mL of concentrated (70%) 
trace metal-grade nitric acid. The beakers were covered with Pyrex watch glasses to minimize 
the loss of volatiles during the digestion process. The entire process was performed at 125oC on a 
hot plate. After an overnight digestion of twelve hours, the samples were cooled and transferred 
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into 12 mL test tubes for UV oxidation. The digestions were transferred quantitatively, rinsing 
each beaker with nitric acid and transferring the rinse solution to the test tubes. Each 12 mL test 
tube was filled to reach a volume of approximately 11 mL. Due to unequal evaporation during 
digestion, differing amounts were required to reach equal volume and thus equal acid 
concentration for the next step in the digestion process.  Each set of reactions also included a 
procedural blank of pure 70% nitric acid. Every other digestion included a sample of certified 
reference material to validate the digestion procedure.  
Following transfer, the sample-containing test tubes were placed in the Metrohm 705 UV 
digester. Samples were subjected to UV oxidation for a12-hour digestion period, with 600 
microliters of hydrogen peroxide added in 100 microliter aliquots to catalyze the oxidation 
reactions during the first hour of the procedure. The temperature of the digestion was maintained 
at 85 degrees Celsius, +/- 10 degrees Celsius. This wide range in digestion temperature was due 
to some difficulty encountered in regulating water flow to the instrument. All tubes were capped 
with Teflon caps to prevent loss of volatiles. Tubes were removed from the digester unit for the 
addition of H2O2 to prevent excess bubbling. Following the digestion period, samples were 
transferred to 50 mL volumetric flasks and diluted to volume with deionized water. Samples 
were allowed to cool prior to the dilution step to achieve accurate volumes.  
 
Sample Analysis: Selenium 
Selenium analysis was performed using a Varian Spectrophotometer. Selenium analysis 
methods were refined throughout the course of the investigation, and reported recovery values 
are listed for the final procedure. Values were obtained from samples processed through the 12-
hour predigestion and 12-hour digestion steps, with samples diluted to 25mL with deionized 
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water. The instrument was calibrated with standards in 3.5 M nitric acid. Absorbance values 
were obtained at a wavelength of 196.0 nm, with a slit width of 1.0 nm, and a lamp current of 
13.0 m. The measurement mode was set to Peak Height. The program for the analysis process is 
identical to that listed in Chapter 1. Each sample was run in duplicate, and procedural blanks 
were carried through the entire procedure. A 15-µL co-injection of a palladium chloride matrix 
modifier was included in this protocol. Calibration curves were constructed manually, and 
concentrations in solution computed based on the equations of the polynomial curves. 
Concentrations of selenium in original samples were calculated based on recorded absorbance 
values, taking into consideration correction factors for solution density, percent moisture in 
vegetation samples, and correcting for blank values.  
 
Sample Analysis: Mercury 
Mercury values were obtained using a DMA-80 Direct Mercury Analyzer calibrated over 
a range from 0 to 31.5 ng of Mercury. A standard organic analysis method was used to analyze 
the samples, which included a 60-second drying step at 250 degrees Celsius and a 720-second 
decomposition step at 650 degrees Celsius. Vegetation samples of approximately 0.08g were 
transferred to weigh boats, and samples were subjected to the above procedure. A 0.00500 g 
aliquot of WQB3 sediment, followed by a blank, was included after every six samples, to ensure 
correct calibration.  
 
Soil Collection and Processing:  
 
 To assess background soil levels of selenium, samples were gathered at three sites 
showing the highest elevation of selenium. In late March of 2014, samples were collected from 
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the Peach Road/Library area, from the Williamsburg Place site, and from Waller Mill Park, with 
three samples collected at each of these sites. To collect samples, a five-by-five inch square 
wood block on the forest floor, and collecting all soil and mixed soil/organic material from the 
first two centimeters within the square. Samples were dried over a period of ten days, and after 
ensuring their weight was no longer decreasing, were weighed out in 0.75g portions for UV 
digestion. Samples were digested in 70% nitric acid for a 12-hour pre-digestion, followed by a 
12-hour UV digestion with the addition of 600 µL hydrogen peroxide within the first hour. 
Following digestion, samples were diluted to 50 mL in volumetric flasks. Samples were analyzed 
using graphite furnace atomic absorption spectrometry, with the same settings for selenium as 
were used in vegetation analysis. Each sample collected was subject to two separate digestions.  
 
 
 
Results: 
 
 Results are presented for average selenium concentrations in vegetation samples. The 
average and standard error are reported for the values obtained at each site, each of which 
represents an average of two separate digestions of a single field sample.  
 
 
Table 11: Selenium Concentrations in Vegetation  
 
Library Peach 
Street 
Williamsburg 
Pottery 
Williamsburg 
Place 
Matthew 
Whaley 
Waller Mill 
Park 
0.073 ppm 0.061 ppm 0.039 ppm n.d.* n.d.* 0.368 ppm 
0.091 ppm 0.227 ppm n.d.* 0.083 ppm 0.076  ppm 0.136 ppm 
0.059 ppm 0.047 ppm 0.062 ppm 0.088 ppm 0.069 ppm 0.120 ppm 
0.043 ppm 0.041 ppm 0.063 ppm 0.058 ppm 0.109 ppm 0.109 ppm 
0.064 ppm 0.099 ppm 0.097 ppm 0.077 ppm n.d.* 0.397 ppm 
n.d.*   0.19 ppm n.d.* 0.093 ppm 
n.d.*     n.d.* 
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n.d.*     n.d.* 
     n.d.* 
Average: 
0.054 ppm 
Average: 
0.095 ppm 
Average: 
0.059 ppm 
Average: 
0.087 ppm 
Average: 
0.059 ppm 
Average: 
 0.15 ppm 
Std error: 
0.004 
Std error: 
0.004 
Std error: 
0.006 
Std error:  
0.007 
Std error: 
0.005 
Std error:  
0.012 
 
Table 11 shows average and standard deviation values for samples collected at six sites. *Those 
values denoted as n.d. had readings below the detection limit of the method used. For the 
purpose of analysis, these values were set to the detection limit concentration of 0.033 ppm. 
Statistical analyses include these values.  
 
To test for the presence of significant difference between the six sites, a one-way ANOVA test 
was run on the values: 
 
Table 12: One-Way ANOVA of Six Sample Sites 
Analysis of Variance (One-Way) 
       Summary             
Groups Sample size Sum Mean Variance     
Peach Street  5 0.47536 0.09507 0.00596 
  Library 8 0.42945 0.05368 0.00047 
  Williamsburg Pottery 5 0.29429 0.05886 0.00064 
  Williamsburg Place 6 0.5234 0.08723 0.00264 
  Matthew Whaley 6 0.35362 0.05894 0.00099 
  Waller Mill 9 1.32237 0.14693 0.01943     
       ANOVA             
Source of Variation SS df MS F p-level F crit 
Between Groups 0.05022 5 0.01004 1.62978 0.17957 3.13733 
Within Groups 0.20335 33 0.00616 
   
       Total 0.25357 38         
        
With a p-level of 0.180 the differences between the 6 sites cannot be deemed significant. 
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Figure 7: Average Selenium Concentration at Test Sites 
 
 
Sites were also grouped on the basis of land characterization, with three categories 
representing conservation areas with little to no development (Waller Mill Park sites), residential 
and agricultural areas at a distance from a major road (Library and Peach Street), and more 
developed sites located near to a primary roadway (Williamsburg Place, Williamsburg Pottery, 
and Matthew Whaley). Averages and standard errors were computed based on this 
categorization. 
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Table 13: Selenium in Vegetation Samples, 3-Way Categorization Based on Land Use 
Library/PS WPot/ WPlace/MW Waller Mill 
0.061 0.039 0.368 
0.227 0.033 0.136 
0.047 0.062 0.120 
0.041 0.063 0.109 
0.099 0.097 0.397 
0.033 0.033 0.093 
0.033 0.083 0.033 
0.033 0.088 0.033 
0.073 0.058 0.033 
0.091 0.077  
0.059 0.18  
0.043 0.033  
0.064 0.076  
 0.0670  
 0.109  
 0.033  
 0.033  
   
Average = 0.070 ppm Average = 0.069 Average = 0.15 
Std Error = 0.006 Std Error = 0.010 Std Error = 0.046 
 
A One-Way ANOVA test was run to test whether significant differences were found between the 
means of the three sites.  
 
 
 
 
 
 
Average!concentrations!are!shown!for!each!of!the!three!land@use!categories,!with!error!
bars!representing!one!standard!error.!In!chart,!!PS!=!Peach!Street,!WPot!=!Williamsburg!
Pottery,!WPlace!=!Williamsburg!Place,!MW!=!Matthew!Whaley,!and!WM!=!Walller!Mill.!!
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Table 14: One-Way ANOVA of Three-Way Land Use Categorization  
Analysis of Variance (One-Way) 
       Summary             
Groups Sample size Sum Mean Variance     
Library/PS 13 0.90481 0.0696 0.0027 
  Pottery, Place, MW 17 1.1713 0.0689 0.00149 
  Waller Mill 9 1.32237 0.14693 0.01943     
       ANOVA             
Source of Variation SS df MS F p-level F crit 
Between Groups 0.04183 2 0.02091 3.55574 0.03897 4.36968 
Within Groups 0.21174 36 0.00588 
   
       Total 0.25357 38         
 
The p-value computed for this test was 0.039. As a value below 0.05, this value indicates that 
there is a significant difference between the averages of the three sites.   
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Figure 8: Average Se Concentration, 3-Way Land Use Categorization 
 
 
Average selenium concentration values for the three categories are shown, with error bars 
representing one standard error from the mean.  
 
A T-Test was run as a comparison between each of the three categories, to determine which 
categories had means that were significantly different from one another.  
 
Table 15: T Test for Library/Peach Street vs. Williamsburg Place/Williamsburg 
Pottery/Matthew Whaley 
Comparing Means [ t-test assuming equal variances (homoscedastic) ] 
Descriptive Statistics 
VAR 
Sample 
size Mean Variance 
 
13 0.0696 0.00003 
 17 0.0689 0.0001 
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Summary 
Degrees Of Freedom 28 Hypothesized Mean Difference 0.E+0 
Test Statistics 0.22032 Pooled Variance 0.00007 
    Two-tailed distribution 
p-level 0.82722 t Critical Value (5%) 2.04841 
    One-tailed distribution 
p-level 0.41361 t Critical Value (5%) 1.70113 
        
     
Based on the results of this t-test, the p levels of 0.83 and 0.41 indicate the differences in these 
means are not significant.  
 
Table 16: T-test for Library/Peach Street vs. Waller Mill 
Comparing Means [ t-test assuming equal variances (homoscedastic) ] 
Descriptive Statistics 
VAR 
Sample 
size Mean Variance 
 
13 0.0696 0.00003 
 9 0.14693 0.00216 
    Summary 
Degrees Of Freedom 20 Hypothesized Mean Difference 0.E+0 
Test Statistics 5.99651 Pooled Variance 0.00088 
    Two-tailed distribution 
p-level 0.00001 t Critical Value (5%) 2.08596 
    One-tailed distribution 
p-level 0. t Critical Value (5%) 1.72472 
        
    The p-level values of 0.00001 and 0 indicate that the difference in the means of these two sites is 
statistically significant.  
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Table 17: T Test Williamsburg Pottery/Williamsburg Place/Matthew Whaley vs. Waller 
Mill 
Comparing Means [ t-test assuming equal variances (homoscedastic) ] 
Descriptive Statistics 
VAR Sample size Mean Variance 
 
17 0.0689 0.0001 
  9 0.14693 0.00216 
    Summary 
Degrees Of Freedom 24 Hypothesized Mean Difference 0.E+0 
Test Statistics 6.73679 Pooled Variance 0.00079 
    Two-tailed distribution 
p-level 0. t Critical Value (5%) 2.0639 
    One-tailed distribution 
p-level 0. t Critical Value (5%) 1.71088 
        
The p-level values of 0 and 0 indicate that the difference in the means of these two sites is 
statistically significant.  
 
 
In-Site Variability: Waller Mill 
Three sites in Waller Mill Park were compared to see if their means were statistically different.  
 
Table 18: One-Way ANOVA of Site Variability within Waller Mill 
Analysis of Variance (One-Way) 
       Summary       
Groups 
Sample 
size Sum Mean Variance     
Waller Mill Site 1 3 0.09874 0.03291 0. 
  Waller Mill Site 2 3 0.57036 0.19012 0.0237 
  Waller Mill Site 3 3 0.65326 0.21775 0.02421   
       ANOVA       
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Source of Variation SS df MS F p-level F crit 
Between Groups 0.05964 2 0.02982 1.86746 0.23413 8.05209 
Within Groups 0.09582 6 0.01597 
   
       Total 0.15546 8     
       The p-value of 0.23413 indicates that there is not a significant difference between the means of 
sites within Waller Mill Park.  
 
Table 19: Sites within Waller Mill 
Waller Mill Site 1 Waller Mill Site 2 Waller Mill Site 3 
0.033 0.368 0.136 
0.033 0.109 0.120 
0.033 0.093 0.397 
   
Average: 0.033 Average: 0.190 Average: 0.218 
Std Error: 3.41x10-5 Std Error: 0.089 Std Error: 0.090 
 
Averages and standard errors are given for sites within Waller Mill Park 
 
Selenium in Soil  
 Selenium concentrations in soil samples were calculated by plotting standard curve data 
from the graphite furnace analysis, and determining samples concentrations from a polynomial 
standard curve. Soil data are displayed below, with data from each site plotted on identical 
scales.  
 
! 47!
Figure 9 – Selenium in Soil, Peach Street/Library Sites!!
!!Concentrations!of!selenium!in!soil!at!three!different!sampling!locations!within!the!Peach!
Street/Library!area!are!presented.!Error!bars!represent!one!standard!error!from!the!mean.!!
 
Table 20 – Selenium in Soil, Peach Street/Library Sites 
Sample Average Conc (ppm) Standard Error 
PSL Soil 1 0.040 0.035 
PSL Soil 2 0.381 0.030 
PSL Soil 3 0.118 0.012 
 
In Table 20, averages and standard deviations are are presented for selenium in soil samples 
from the Peach Street/Library Sites. In table, PSL stands for Peach Street/Library. 
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Figure 10: Selenium in Soil, Williamsburg Place Site  
 
 
Concentrations!of!selenium!in!soil!at!three!different!sampling!locations!at!the!Williamsburg!
Place!site!are!presented.!Error!bars!represent!one!standard!error!from!the!mean.!
 
 
 
Table 21: Selenium in Soil, Williamsburg Place Site 
Sample Average Conc (ppm) Standard Error 
WPl Soil 1 0.212 0.019 
WPl Soil 2 0.142 0.004 
WPl Soil 3 0.088 0.012 
 
In Table 21, averages and standard deviations are are presented for selenium in soil samples 
from Williamsburg Place Site. 
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Figure 11: Selenium in Soil, Waller Mill Park Site  
 
Concentrations!of!selenium!in!soil!at!three!different!sampling!locations!at!the!Waller!Mill!Park!
site!are!presented.!Error!bars!represent!one!standard!error!from!the!mean.!
 
 
 
Table 22: Selenium in Soil, Waller Mill Park Site 
Sample Average Conc (ppm) Standard Error 
WM 1* 0.040 0.037 
WM 2 0.041 0.025 
WM 3 0.031 0.012 
 
Results are presented for selenium in soil samples from the Waller Mill Park site. In this data 
set, WM Soil 1 corresponds with the Waller Mill 4 vegetation, the most highly elevated sample at 
the site. The remaining samples were collected at other, randomly selected sites.  
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Mercury Results 
Though mercury was not above the limits of detection of the ICP-MS analysis of the 
Western Virginia coal sample, mercury was analyzed as a reference contaminant. It is a 
ubiquitous air pollutant and is a volatile like selenium that may have similar deposition and 
uptake among vegetation. Mercury was tested in samples from the six test sites via direct 
mercury analysis, and the data is presented below: 
 
Figure 12: Mercury Concentrations in Vegetation at Six Test Sites 
 
Average Values for Mercury Concentration are displayed, with error bars representing one 
standard error.   
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Table 23: Mercury Concentration at Six Test Sites 
Site  Mean Concentration (ppb) Standard Error 
Waller Mill 0.029 0.004 
Library 0.026 0.003 
Peach Street 0.022 0.002 
Williamsburg Pottery 0.023 0.002 
Matthew Whaley 0.023 0.007 
Williamsburg Place 0.029 0.004 
 
In Table 23, average mercury concentrations and standard errors are presented for samples 
collected from each of the six sites.  
 
A One-Way ANOVA Test was run to determine if the means were statistically different from 
one another.  
 
Table 24: One-Way ANOVA for Mercury at 6 Sites  
Analysis of Variance (One-Way) 
       Summary             
Groups Sample size Sum Mean Variance     
WM 4 0.11519 0.0288 0.00006 
  Lib 8 0.20538 0.02567 0.00005 
  PR 8 0.17028 0.02129 0.00002 
  WP 12 0.27267 0.02272 0.00005 
  MW 4 0.09178 0.02295 0.00018 
  WPl 12 0.34697 0.02891 0.00016     
       ANOVA             
Source of Variation SS df MS F p-level F crit 
Between Groups 0.00043 5 0.00009 1.02334 0.41628 3.03206 
Within Groups 0.00357 42 0.00008 
   
       Total 0.004 47         
       Based on the ANOVA one-way test, the difference in the means is not significant.  
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Figure 13: Mercury Concentration, 3-Way Land Use Categorization 
 
 
 
 
 
In Figure 13, average mercury concentrations are presented for each of the three land-use 
categorizations. Waller Mill sites are plotted against Peach Street/Library values, which 
comprised a single category, and Williamsburg Place, Williamsburg Pottery and Matthew 
Whaley values, which comprised a third category.  
 
 
 
Table 25: Mercury Concentrations, 3-Way Land Use Categorization 
 
Site!Category Mercury!(ppm) Standard!Error WM 0.029 0.004 Lib/PR 0.023 0.002 WPlace/WPot/MW 0.025 0.002 
 
 
In Table 25, average concentrations and standard errors are reported for mercury for the 3-way 
land use categorization.  
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Table 26: One-Way ANOVA of Mercury 3-Way Land Use Categorization 
 
 
 
 
 
 
 
 
 
 
 
With a p-value of 0.57, the results are not statistically significant.  
 
 
 
 
 
 
 
 
 
 
 
 
Analysis of Variance (One-Way) 
       Summary             
Groups 
Sample 
size Sum Mean Variance     
WM 4 0.11519 0.0288 0.00006 
  Lib 16 0.37566 0.02348 0.00004 
  WP 28 0.71142 0.02541 0.00012     
       ANOVA             
Source of Variation SS df MS F p-level F crit 
Between Groups 0.0001 2 0.00005 0.5723 0.56828 4.27271 
Within Groups 0.0039 45 0.00009 
   
       Total 0.004 47         
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Discussion:  
To assess the results of this study in context of current literature, values were sought for 
selenium and mercury concentrations in vegetation. No studies exist for selenium specifically in 
pine needles, so data are presented for general vegetation from two sources:  
 
Table 27: Selenium in Pine Needles, Literature Comparison 
Selenium in Pine 
 Needles 
Selenium in 
Agricultural 
Crops 
(Fordyce, 
2005) 
Selenium in Unwashed Herbiage, UK 
(Haygarth et al., 1993).  
0.070 ± 0.006 ppm (Library, 
Peach Road) 
0.407 ppm 
(roots and 
bulbs) 
0.077 ± 0.031 ppm 
0.069 ± 0.010 ppm 
(WPlace, WPot, MW) 
0.297 ppm 
(grains) 
0.13  ± 0.021 ppm 
0.15 ± 0.046ppm (WM) 
0.110 ppm 
(leafy 
vegetables) 0.26 ± 0.12 ppm  
 
0.066 ppm 
(seed 
vegetables) 0.099 ± 0.028 ppm 
 0.054 ppm – 
vegetable 
fruits 
0.070 ± 0.021 ppm 
 0.015 ppm– 
tree fruits 
0.12 ± 0.044 ppm 
  0.047 ± 0.084 ppm  
 
Average selenium values for this study are compared to those of two other studies. Average 
concentrations and percent errors are presented.   
 
Variability in both climate and sampling location must be taken into consideration, as well as 
variability among plant species. While some plants are able to accumulate large amounts of 
selenium and are deemed selenium-tolerant, most plants are selenium-sensitive and do not 
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accumulate the metal from soil. (Terry et al, 2000).  Selenium accumulators, according to Terry 
et al., can accumulate between hundreds to several thousand ppm in their tissues (2000). 
However, most forage plants, crop plants, and grasses contain less than 25 ppm of selenium, and 
those grown on nonseleniferous soils are generally found with Se concentrations between 0.01 
and 1.0 ppm. Though soil data is not presented along with the crop selenium levels, the range of 
values presented are typical for non-selenium accumulators in low-selenium soils, and thus these 
studies serve as useful comparisons for the data generated above.  
Data from Haygarth et al. is particularly valuable, as values are given for samples of 
ryegrass that were grown specifically in selenium-deficient soils, with levels representing purely 
atmospheric deposition (1993). Seleniferous soils are most likely to occur in arid environments 
and not in the humid coastal Virginia area, and so our soil data is likely to be in the range of the 
low-selenium soil used by Haygarth et al. In the Haygarth soil study, variability was found from 
site to site, with the most heavily polluted sites yielding the highest selenium values (0.26 ppm) 
and the control, which represents ryegrass grown under a dome, yielding the lowest (0.047 ppm). 
The selenium values obtained by Haygarth et al. were in the range of the pine needle values 
presented in this study.  
Mercury data from this study were found to be between 0.02 and 0.03 ppm, with no 
statistical difference between the sites. However, the number of samples tested was highly 
variable between the six sites and three zoning characterizations, so further data analysis to 
achieve more equal sample sizes would be valuable in establishing reliable mercury trends. 
Mercury values obtained in this study were compared to literature values.  
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Table 28: Mercury in Pine Needles, Literature Comparison 
Mercury in Pine 
Needles – 
Williamsburg, 
VA 
Mercury in 
Pines– Mount 
Atiama Region, 
Italy (Bargagli 
et al., 2012).  
Mercury in Vegetation 
-  Northwestern Spain 
(NóvoaZMuñoz!et!al.,!
2008).! 
Mercury in Vegetation – 
Nova Scotia 
 (Rencz et al., 2003).  
0.029 ± .004 9.17 ± 2.12  0.055 ± 0.0069 – birch 
leaves  
Red maple: 0.005 to 0.041  
0.023 ± .002 2.16 ± 0.71 0.0669 ± 0.0101 – oak 
leaves  
White pine: 0.005 to 0.058  
0.025 ± .002  0.36 ± 0.07 0.0595 ± 0.0064 – pine 
needles  
Epiphytic lichens: 0.660  
 0.26 ± 0.06  Feather mosses: 0.396 
 0.08 ± 0.02   
 0.08 ± 0.02   
 
Mercury values for this study are compared to those of two other studies. Average 
concentrations are presented, with percent errors. All values presented are in ppm.  
 
 
In the mercury data set from Italy, values are presented in order of increasing distance from 
suspected sources of mercury contamination. Even those values reported at a distance from the 
suspected contamination source are higher than the values reported in this study, though they are 
at the same order of magnitude. When compared to mercury data from Northwestern Spain and 
Nova Scotia, mercury values in this study were in the range of values reported for pine needles. 
Lichens and mosses reported higher values; these might be valuable species to investigate in the 
future.  
Mercury is a ubiquitous atmospheric pollutant, with natural emissions of mercury 
forming two thirds of the input and man-made releases making up the last third (Patra and 
Sharma, 2000). Significant anthropogenic inputs of mercury occur through industrial activity, 
and particularly through coal combustion, which accounts for over 50% of all domestic human-
caused mercury emissions, according to the U.S. Environmental Protection Agency (2014). Patra 
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and Sharma report that mercury is not highly bioavailable from the soil, and that most plant 
uptake of mercury occurs through atmospheric uptake (2000). The results of the coal analysis via 
ICP-MS showed that mercury was not significantly elevated in the coal sample obtained from 
western Virginia. Given this information, mercury in collected pine needles is expected to be 
attributable to general atmospheric deposition.  
 
Selenium in Vegetation vs. Soil  
 Following vegetation analysis, soil samples were collected at sites corresponding to each 
of the three land use characterizations. Samples collected at the first site spanned both the Peach 
Street/Library regions. Samples were also collected at Williamsburg Place, representing the 
greatest level of development and proximity to the roadway, and at Waller Mill, representing the 
undisturbed parkland. Soil analysis revealed that the Waller Mill site, despite having the highest 
values of selenium in vegetation, showed the lowest concentrations of selenium in a, with 
concentrations below 0.05 ppm. These data reveal that the elevated levels of selenium in the 
Waller Mill vegetation cannot be attributed to elevated selenium levels in soil.  
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Land Use Analysis 
After computing averages for each of the six test sites, no significant difference was 
found between the means. The sites were then regrouped based on similar zoning/land use, and 
analyzed again. Samples were reclassified to compare those collected in a conservation area 
(Waller Mill Park), to those in areas that were dominantly agricultural and residential 
(Library/Peach Street), to those in areas that were both more highly developed and closer to a 
major roadway (Williamsburg Pottery, Williamsburg Place, Matthew Whaley.) Though it is 
recognized that zoning and land use are not equivalent, consistent land use layers were not 
available for James City County and the City of Williamsburg, and so zoning was used as a 
substitute. 
 The following figures show each of the sample collection sites in a series of maps created 
with ArcGIS software and Google Earth. For each site, a map is displayed with the labeled 
zoning categories, the CSX railway, primary roadways, and preliminary sampling sites, collected 
as GPS points and mapped in ArcGIS. The sample points displayed represent initial collection 
sites, some of which were revisited for further sampling. The second map shown for each site 
displays aerial imagery of the area, obtained from Google Earth. Development differences 
between the sites can be observed through these maps. The Library/Peach Street figures show 
that samples were collected from a primarily agricultural/residential area, while the aerial 
imagery further demonstrates the lack of development at this site. The Williamsburg Pottery, 
Williamsburg Place and Matthew Whaley sites are both noticeably more developed and closer to 
primary roadways (Richmond Road/Route 60 and Lafayette Street). Zoning layers are not shown 
for Waller Mill Park, but this is zoned as a conservation area and shows a noticeable lack of 
development.  
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Figures 14 and 15: Library/Peach Street Sites 
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Figures 16 and 17: Williamsburg Pottery Site  
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Figures 18 and 19: Williamsburg Place Site  
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Figures 20 and 21: Matthew Whaley Site 
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Figure 22: Waller Mill Park Site 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Significant differences were found between selenium accumulation in Waller Mill Park 
vegetation and accumulation levels in the two more developed categories. Contrary to the 
hypothesis of this study, selenium levels in the forested parkland ecosystem exceeded those 
which were located nearby the railroad tracks, and showed significant elevation above levels 
found at each of the two more developed categories. Correlations cannot be drawn between coal 
transport and selenium accumulation based on the results of this study.  
Elevated levels of selenium in Waller Mill merit further investigation. To further assess 
the elevation of selenium levels in the park, a deeper understanding of the park’s history may be 
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necessary, as well as a broader investigation into potential selenium sources in this environment. 
The bike trail that now runs through Waller Mill Park was created from an abandoned railroad 
bed, which may present an historic source of heavy metals to the environment (Waller Mill Park 
Trail Map). Though mercury was not shown to be a significant contaminant in this study, it is 
known to accumulate in forest and wetland ecosystems, leading to mercury elevation in these 
areas (Driscoll et al, 2007). Driscoll et al. have indicated that mercury deposition is elevated in 
forested areas compared with other types of ecosystems, as forest canopies can essentially 
“collect” mercury from the atmosphere (Driscoll et al., 2007). As the larger surface area of the 
canopy takes up contaminants from the atmosphere, relatively undeveloped forests can become 
elevated in contaminants. Similar patterns of uptake and biological cycling may concentrate 
selenium, a volatile element like mercury, in forested ecosystems. Additionally, the age of trees 
sampled could be taken into consideration. As Waller Mill Park is a less impacted site, it is 
possible that trees there simply live longer, or retain their needles for a longer period of time, 
affording them a greater opportunity to take up contaminants from the air.  
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Conclusions and Future Directions 
 
The conclusions of this study are twofold. Firstly, the study established analytical 
methods suitable for the analysis of selenium in vegetation. A UV light digestion method was 
established which yielded promising results for the recovery of trace elements, including 
selenium. This method was shown to be comparable to microwave digestion for the recovery of 
selenium from certified reference material. Limits of detection were also established for 
selenium using graphite furnace atomic absorption spectrometry. UV digestion is a competitive 
method for the digestion of plant matter and the extraction of trace metals for chemical analysis, 
and provides a less costly and technology-intensive method that may be applicable for trace 
metal analysis in low-technology environments.  
The method was found to be suitable for the analysis of selenium in field samples of 
vegetation collected from several test sites along the CSX railway that runs through 
Williamsburg, and at control sites in Waller Mill Park. The hypothesis that selenium levels 
would be elevated at sample sites closer to the railroad tracks was not supported by the results of 
this study. An analysis of land use categorization based on zoning showed significantly elevated 
levels of selenium at the control sites in Waller Mill Park relative to more developed sites, 
indicating that selenium deposition and uptake may be enhanced in forested ecosystems.  
 A continuation of this study might further explore the elevated levels of selenium in 
Waller Mill Park. Further study might also employ mosses and lichens, which have, in some 
cases, been used as an alternative to plants with vascular systems for biomonitoring purposes. 
Though selenium levels were not found to be correlated with rail transport of coal, the original 
hypothesis of this study remains an open question. Other metals could be investigated to further 
explore the coal dust question. 
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